Frataxin is a mitochondrial protein involved in iron metabolism whose deficiency in humans causes Friedreich ataxia. We performed transcriptomic and proteomic analyses of conditional Yeast Frataxin Homologue (Yfh1) mutants (tetO 7 -YFH1) to investigate metabolic remodeling upon Yfh1 depletion. These studies revealed that Yfh1 depletion leads to downregulation of many glucose-repressed genes. Most of them were Adr1 targets, a key transcription factor required for growth in non-fermentable carbon sources. Using a GFP-tagged Adr1, we observed that Yfh1 depletion promotes the export of Adr1 from the nucleus to the cytosol without affecting its protein levels. This effect was also observed upon H 2 O 2 treatment, but not by iron overload/starvation, indicating the presence of a regulatory pathway involved in Adr1 export and inactivation upon stress conditions. We also observed that CTH2, a gene involved in the mRNA degradation of several iron-containing enzymes, was induced upon Yfh1 depletion. Accordingly, decreased levels of aconitase and succinate dehydrogenase were observed. Nevertheless, their levels were maintained in a Δcth2 mutant even in the absence of Yfh1. From these results we can conclude that, in addition to altering iron homeostasis, frataxin depletion involves drastic metabolic remodeling governed by Adr1 and Cth2 that finally leads to downregulation of iron-sulfur proteins and other proteins involved in respiratory metabolism.
Introduction
Frataxin is a small, highly conserved, mitochondrial protein whose deficiency in humans causes Friedreich ataxia. Ortholog proteins have been described in bacteria, yeasts and plants [1] . Thus, non-mammalian models have been widely used to investigate frataxin function and the consequences of frataxin deficiency on cell metabolism. Indeed, soon after the discovery of frataxin, it was reported that yeasts deficient in its ortholog Yfh1 (from Yeast frataxin homolog 3 ) accumulated increased amounts of iron [2] . This was the first evidence relating this protein to iron metabolism. However, the precise function of Frataxin is controversial. For years, the most accepted hypothesis was that it provided the iron required for iron-sulfur biogenesis, a highly conserved process that takes place in mitochondria and requires several specialized proteins. This hypothesis was supported by several biochemical studies indicating direct interaction between frataxins and proteins involved in iron-sulfur biogenesis [3] . However, many biological studies indicate that frataxin is not essential to iron-sulfur protein activity [4, 5] . In this context, a mutation (M107I) in Isu1 ameliorates most of the traits attributed to frataxin depletion [6] . The apparent paradox between the involvement of frataxin in iron-sulfur machinery and its dispensable role in this process may have found an explanation in recent studies that suggest frataxin may play a regulatory role in iron-sulfur biogenesis in response to iron availability [7] . Additionally, other roles for frataxin have been suggested, such as iron storage [8] , electron transfer to flavoproteins [9] , or regulation of Iron Regulatory Protein 1 [10] .
Biological systems contain many regulatory networks that promote metabolic remodeling in response to environmental conditions. One example is adaptation to growth in the presence of different carbon sources in yeasts. Glucose is the preferred carbon source in Saccharomyces cerevisiae, and consequently this sugar exerts a strong repressive effect over many genes involved in the utilization of other carbon sources, including many mitochondrial genes required for respiration or NADH generation. Yeast grown under conventional YPD media (which contains 2% glucose) display a mixed fermentative-respiratory metabolism in which most of the glucose used is converted to ethanol. This phenomenon is known as the Crabtree effect [11] [12] [13] . Nevertheless, S. cerevisiae can also grow efficiently in carbon sources such as glycerol, acetate, ethanol, or oleate when glucose is scarce. This requires a marked metabolic rearrangement that is governed by the AMPactivated protein kinase Snf1 and involves several transcription factors, being Adr1 one of the most relevant [14] . Another example of metabolic remodeling is response to iron scarcity. The Aft1/2 transcription factors, which promote upregulation of iron uptake systems, are activated [15] Biochimica et Biophysica Acta 1833 (2013) [3326] [3327] [3328] [3329] [3330] [3331] [3332] [3333] [3334] [3335] [3336] [3337] and Aft1 induces the expression of Cth2, an mRNA binding protein that promotes the degradation of several mRNAs coding for iron-containing proteins. The nearly 100 transcripts downregulated by Cth2 are involved in iron-dependent metabolic pathways such as cellular respiration, heme and Fe-S cluster biosynthesis, iron homeostasis, or fatty acid metabolism. Cth2 has a paralog protein, Cth1, known to target 20 transcripts, of which 13 are shared with Cth2 [16] .
Frataxin depletion in yeast leads to respiratory failure, loss of ironsulfur proteins, and growth arrest. In previous work, we used yeast frataxin conditional mutants to investigate the sequence of events occurring after frataxin depletion [5] . By this approach, activation of iron uptake and response to oxidative stress were classified as early events after frataxin depletion. In contrast, respiratory failure and loss of ironsulfur proteins were classified as late events. Late events may be governed by the regulatory networks used by cells to respond to environmental challenges. In the present work, proteomic and transcriptomic data have been used to explore the mechanisms that trigger these late events.
The results obtained indicate that the transcription factor Adr1 is inactivated after frataxin depletion, while Cth2 is induced. Both events cause the downregulation of several genes involved in respiratory metabolism and promote growth arrest.
Materials and methods

Organism and culture conditions
The strains used for this study are shown in Table 1 . All of them are derived from W303-1A (MATa ura3-1 leu2-3,112 trp1-1 his3-11,15 ade2-1), which is considered wild-type in this work. Most experiments were performed using YPG media (1% yeast extract, 2% peptone and 3% glycerol). Unless otherwise stated, YPD media contained 2% glucose. SC medium contained 0.67% yeast nitrogen base, 3% ethanol plus dropout mixture and auxotrophic requirements. The cells were cultured in a rotary shaker at 30°C. All the experiments described in this work were performed with exponentially growing cells at optical densities ranging from 0.5 to 0.7 (λ = 600 nm, 1 cm light path).
Plasmids and genetic methods
The plasmid pCYC106 (supplied by Dr. E. Garí, Universitat de Lleida) was used for 3HA-tagging the c-terminus of the chromosomal copies of ADR1. Plasmid pYM25 was used for GFP-tagging the c-terminus of ADR1 [17].
Two-dimensional gel electrophoresis and protein identification
The cells were resuspended in 25 mM Tris-HCl buffer pH 8, plus 8 M urea and a mixture of protease inhibitors (200 μM phenylmethylsulphonyl fluoride, 20 μM TPCK, 200 μM pepstatin A) and disrupted using glass beads. An equal volume of 8 M urea, 8% CHAPS, and 50 mM DTT was added to the lysed cells and after centrifugation (12,000 rpm for 5 min), 50 μg of protein (quantitated by Biorad Protein Assay, approximately 10 μl of the supernatant) were diluted in 350 μl of Rehydration Buffer V (General Electric Life Sciences) containing 50 mM DTT and 1% Biolytes 3-10 (BioRad). Isoelectric focusing was performed in 18 cm immobilized pH gradient strips (3-10 NL Bio-Rad) using a BioRad Protean IEF cell. Second-dimension SDS-PAGE was performed on 12.5% polyacrylamide gels. The gels were Flamingo-stained. Images were acquired in a Versadoc MP4000 (Bio-Rad) and analyzed with PDQuest software (Bio-Rad). For protein identification, the desired spots were excised from the gels and subjected to tryptic digestion. Peptides were analyzed in a Bruker Ultraflex MALDI-TOF/TOF. Proteins were identified by peptide mass fingerprinting or MS/MS ion search with Mascot.
Western blot analysis
The cells were resuspended in 100 mM Tris-HCl buffer pH 7.5 plus a mixture of protease inhibitors and disrupted using glass beads. An equal volume of 7.5% SDS, and 7.5% β-mercaptoethanol was added to the lysed cells and after centrifugation (12,000 rpm for 5 min), 15 μg of protein were separated in SDS-polyacrylamide gels and transferred to PVDF membranes. For Adr1 detection, the cells were lysed in 12.5% TCA and after centrifugation, the pellets were washed with cold acetone and resuspended in a 0.67 M Tris-HCl buffer pH 8.0 plus 1% SDS and 1 mM EDTA. The following primary antibodies were used: Aco1 (from R. Lill, Marburg, Germany), Sdh2 (from B. Lemire), Grx5 [18] , and antibodies against HA epitope (Roche, 1867423) and GFP (Clontech, 632381). Peroxidase-conjugated anti-rabbit, anti-mouse and anti-rat antibodies were used for detection. Image acquisition was performed in a ChemiDoc XRS (Bio-Rad). When required, chemiluminescent data were analyzed by Quantity One software (BioRad). Protein load was verified by post-western Coomassie Blue (CBB) staining of the PVDF membranes.
Microscopy studies
To analyze Adr1p cellular localization, cells expressing an ADR1-GFP version were observed in both YPD and YPG media by fluorescence microscopy (Olympus DP30 BW) using U-MNUA3 filter. For DAPI nuclear staining of living cells expressing the GFP-ADR1 fusion proteins, samples from exponentially growing cultures were directly incubated with DAPI (5 mg/ml) during 40 min in the dark, before visualization with an Olympus DP30 BW fluorescence microscope with U-MNUA2 filter.
Gene expression analysis
Microarray analysis was performed as described [19] in the genomic facilities at the Universitat Autònoma de Barcelona. Comparison was W303 ADR1-GFP W303-1A ADR1-GFP::hphNT1 Chromosomal ADR1 tagged with GFP in wild-type strain BQS215 tetO 7 -YFH1 ADR1-GFP BQS201 ADR1-GFP::hphNT1 Chromosomal ADR1 tagged with GFP in tetO 7 -YFH1strain BQS214
W303 ADR1-HA W303-1A, ADR1-3HA::natMX4 Chromosomal ADR1 tagged with 3HA in wild-type strain BQS216 tetO 7 -YFH1 ADR1-HA tetO 7 -YFH1, ADR1-3HA::natMX4 Chromosomal ADR1 tagged with 3HA in tetO 7 -YFH1strain MML313 tetO 7 -GRX5 W303-1A grx5∷kanMX4(pMM117[tTA tetO-GRX5])∷tetR′-Ssn6∷LEU2 URA3 GRX5 under the control of a tetO 7 promoter [33] . BQS217 tetO 7 -GRX5 ADR1-GFP MML313, ADR1-GFP::hphNT1 Chromosomal ADR1 tagged with GFP in MML313 strain BQS250 W303-1B 
Other methods
Alcohol dehydrogenase activities were analyzed in zymograms. Briefly, the cells were disrupted using glass beads in a 50 mM Tris-HCl buffer pH 8.0; 10 μg of protein was loaded on native Tris-glycine polyacrylamide gels. After electrophoresis, the gels were stained for ADH activity as described [21] . Native gels were scanned in a GS800 densitometer (BioRad). Aconitase enzymatic activity was assayed in a Shimadzu UV-2401PC spectrophotometer, using cis-aconitate as substrate [22] . Heme bound to cytochrome c was detected as described [23] , using the Supersignal detection system (Pierce). Superoxide ion levels were measured in a fluorescence microplate reader (Infinite M200, Tekan). Exponentially growing cells were washed in water and resuspended in PBS plus 0.1% glycerol and 5 μg/ml of dihydroethidium (DHE, Fluka). The rate of oxidation of DHE was calculated from the rate of increase in fluorescence for 20 min (excitation 520 nm, emission 590 nm).
Results
The present study used yeast tetO 7 -YFH1 mutant strains in which the endogenous YFH1 gene was substituted by a regulatable Tet promoter that can be repressed by doxycycline. In a previous report [5] we show that Yfh1 protein levels were undetectable in this strain 8 h after doxycycline addition. Compared to wild-type cells, untreated tetO 7 -YFH1 strain showed no differences in growth rate, aconitase activity and iron content. Also, the addition of doxycycline in wild-type cells had no effects on cellular iron content or on the activity of the ironsulfur-containing enzyme, aconitase. To avoid the Crabtree effect exerted by glucose, most experiments were performed in cells grown in rich media containing glycerol (YPG), which strongly promotes mitochondrial function. It is worth emphasizing that frataxin is a mitochondrial protein and that tissues with high oxygen consumption are the most affected in Friedreich ataxia [24] .
Proteomic analysis
Whole-cell lysates obtained from doxycycline-treated and untreated tetO 7 -YFH1cells were analyzed by 2D-electrophoresis to identify new protein targets regulated by Yfh1 depletion. These analyses were performed 14 h after doxycycline addition because we had previously shown that cellular iron uptake systems are already induced at that point, and higher content of antioxidant defenses such as SOD1 can be detected, but respiratory function and iron-sulfur proteins are not yet affected [5] . Thus, this time-point could provide new information on how cells adapt to the loss of frataxin. Proteins from whole-cell lysates were separated by two-dimensional gel electrophoresis and gels were stained with Flamingo for total protein staining. Experiments were performed in triplicate and the 6 resulting gels were analyzed with PD-Quest software in a single matchset. We identified 8 protein spots that had significant (more than two-fold) differences between control and treated cells (6 downregulated and 2 upregulated, Fig. 1 ). These protein spots were subjected to tryptic digestion and identified by peptide mass fingerprinting analysis or MS/MS Ion Search. They corresponded to five proteins listed in Table 2 . Down-regulated spots corresponded to Adh2, Ald4, and Mdh2. Up-regulated spots corresponded to Yhb1 and Lsc1. Adh1 was also identified in spot 7 (up-regulated) but, contrary to Yhb1, its induction was not confirmed by microarray analysis (see below). In addition, intensity coverage was higher for Yfhb1 than for Adh1. Details about identifications are presented in supplemental Tables 1 and 2 . Interestingly, the three down-regulated proteins were enzymes required for growth in non-fermentable carbon sources and known to be repressed by glucose.
Alcohol dehydrogenase in-gel enzymatic activity
One of the targets of the proteomic analysis was the alcohol dehydrogenase isoenzyme Adh2. In S. cerevisiae, five alcohol dehydrogenases (Adh1-Adh5) are involved in ethanol metabolism. Adh1p, Adh3p, Adh4p, and Adh5p reduce acetaldehyde to ethanol during glucose fermentation, while Adh2p catalyzes the conversion of ethanol to acetaldehyde. Adh1 and Adh2 are the most abundant isoenzymes. Adh1 accounts for most of the Adh activity in the presence of glucose, while Adh2 is repressed in the presence of glucose and strongly induced in the presence of non-fermentable carbon sources such as glycerol or ethanol [25] . In order to validate the changes observed in Adh2 content by the proteomic analysis, Adh activities were analyzed in native gels. In such gels, Adh1 appears as a slower migrating band than Adh2 [26] . We tested YPG-grown tetO 7 -YFH1 cells untreated or treated by doxycycline at different times. As a control, YPD-grown cells were also included in the analysis. As observed in Fig. 2A , YPD-grown cells presented a single band, which corresponds to Adh1. In YPG-grown untreated cells, a strong induction of Adh2 could be observed, while some remaining Adh1 still could be detected. Upon doxycycline treatment, the Adh2 band strongly decreased, confirming the results from the proteomic analysis. This decrease could be observed 10 h after doxycycline addition and was not reversed at longer incubation times. Adh1 did not show significant changes.
Microarray DNA analysis
To search for more genes down-regulated in Yfh1 depleted cells, we performed a DNA microarray analysis of doxycycline-treated cells after 10 h of treatment because, as indicated, the Adh activity assay revealed decreased activity of Adh2 at this time-point. Two independent analyses were performed for each strain. Data analysis revealed 78 genes that exhibited more than two-fold changes in expression at 10 h after doxycycline treatment in tetO 7 -YFH1 cells (26 induced; 52 repressed). Data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE44871 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44871). Visual inspection of these data revealed that ALD4, MDH2 and YHB1, three of the targets identified in the proteomic analysis, were also found in the transcriptomic analysis. Another induced gene was FET3, involved in iron uptake and previously described to be induced in this strain upon doxycycline addition. YFH1 presented 8% of its basal level, confirming efficient repression of this gene. The lists of repressed and induced genes were analyzed in greater detail using the SGD Gene Ontology Term Finder (Yeast GO: Process). Table 3 shows the repressed genes, classified according to different GO terms. Some of these terms have been omitted from these tables to avoid redundancy. The complete list of GO terms generated by the analysis is provided in supplemental material (Supplemental Table 3 ). Gene ontology analysis revealed the presence of several genes involved in catabolism of carboxylic acids and fatty acids. This pointed to a rearrangement of the energy metabolism, which would be consistent with the proteomic analysis, as the three targets of the proteomic analysis -ADH2, ALD4, and MDH2are involved in catabolism of carboxylic acids. Some terms related to coenzyme metabolism also appeared in the analysis. However, most of the genes included in these terms are involved in catabolic processes and the presence of these terms in the analysis may not indicate any specific effect on coenzyme metabolism. Finally, two catalases and four additional genes involved in response to oxidative stress were identified among the repressed genes. This was an unexpected result, as induction of other antioxidant enzymes has been reported in Yfh1-deficient cells [27, 28] . Indeed, both SOD isoenzymes are induced in the same conditional mutant upon doxycycline addition [5] . Concerning induced genes, the SGD Gene Ontology Term Finder (Yeast GO: Process) was unable to find significant shared GO terms among these 26 genes. A component analysis using Yeast GO slim mapper revealed the presence of 11 mitochondrial Table 2 . Table 2 Proteins identified by proteomic analysis in tetO7-Yfh1 cells. The indicated proteins correspond to the spots shown in Fig. 1 
YPG +Doxycycline (hours)
A B Adh1 Adh2 Fig. 2 . A) In-gel alcohol dehydrogenase activity levels were tested in crude extracts from tetO 7 -YFH1 cells grown in YPD and YPG supplemented with 2 μg/ml doxycycline for the indicated times. B) Relative expression of the indicated genes was analyzed by quantitative qPCR in YPG-grown tetO 7 -YFH1 cells at 10 h after addition of doxycycline. Actin expression was used as an internal control to normalize expression levels.
genes (see Supplemental Table 4 ). Of note, two of them (YHB1 and CIR1) had been previously reported to interact with Yfh1 [9] .
Validation of several targets by qPCR
To validate the targets identified by proteomic and transcriptomic approaches, five target genes were analyzed by qPCR: FET3, involved in iron import and a target of Aft1, and four downregulated genes, ADH2, ALD4, FDH1 and GUT1. Expression levels of all five genes were analyzed after 10 h of doxycycline addition in YPG-grown tetO 7 -YFH1 cells. Actin (ACT1) expression levels were used for normalization. As shown in Fig. 2B, FET3 was induced and the other four genes were repressed upon doxycycline addition. Thus, the qPCR analysis confirmed the results of -omics analysis.
Presence of glucose-repressed genes among the downregulated genes
Both proteomic and transcriptomic analyses revealed the presence of many glucose-repressed genes among the down-regulated proteins or genes. Therefore, we decided to analyze the presence of known glucose-repressed genes among the downregulated genes found in doxycycline-treated tetO 7 -YFH1cells. Using a list of glucose-repressed genes generated by Young and collaborators [29] , we focused on the 20 genes that present the strongest changes in expression ratio when de-repressed and glucose-repressed growth conditions are compared. Fourteen genes from this list were downregulated in Yfh1-depleted cells ( Table 4) , which suggested to us that the activity of a transcription factor involved in glucose repression should be regulated after Yfh1 depletion. Several transcription factors are known to play a central Table 3 Genes repressed (b0.5) after 10 h of doxycycline addition classified according to GO terms. Cluster frequency indicates the number and percentage of repressed genes classified under the indicated GO term. Background frequency indicates the number and percentage of total yeast genes classified under the indicated GO term.
GOID
GO_term Cluster frequency Background frequency Repressed genes annotated to the term   9056  Catabolic process  19, 36.5%  681, 9.5%  TKL2, NDE2, CTA1, POX1, GND2, POT1, YJR096W, FOX2, ALD3, ALD2, PAI3,  GAD1, SPS19, GCY1, FDH1, FDH2, CIT3, PDH1, ICL2  19752 Carboxylic acid metabolic process  16, 30.8%  343, 4.8%  ACS1, YAT2, POX1, POT1, FOX2, ALD3, ALD2, GAD1, SPS19, MDH2, ALD4,  FDH1, FDH2, CIT3, PDH1, ICL2  55114 Oxidation-reduction List of the 20 most strongly glucose-repressed genes and their dependence on the regulators Adr1, Snf1 and Cat8 (data according to reference [27] ). yfh1/YFH1: expression ratios (mean of 2 experiments) found in our analysis at 10 h after doxycycline addition (ratio is yfh1 off/YFH1 on). Those genes showing more than two-fold change are shown in bold. role in metabolic adaptation to carbon sources. The most relevant may be Adr1 and Cat8. Another relevant gene is Snf1, an AMP-activated protein kinase that plays a central role in glucose repression [30] . The list of known genes targeted by these different proteins partly overlaps [29] . Among those shown in Table 4 , 16 are regulated by Adr1, 17 by Snf1, and 11 by Cat8. Interestingly, most of these Adr1 targets were downregulated upon Yfh1 depletion (14 from 16), while a lower proportion of Snf1 (11 of 17) and Cat8 (6 of 11) targets were affected by Yfh1 depletion. This observation suggested that Adr1 could play a crucial role in the metabolic rearrangement caused by Yfh1 depletion.
Changes in Adr1 content and localization upon Yfh1 depletion
From the proteomic and transcriptomic analyses we concluded that several targets of the transcription factor Adr1 were downregulated in Yfh1-deficient cells. Thus, we decided to explore whether or not this transcription factor was inactivated after doxycycline addition in tetO 7 -YFH1 cells. Several mechanisms are known to regulate Adr1 activity. Protein levels increase when glucose is scarce. In addition, Adr1 transcriptional activity can be inhibited by phosphorylation of Ser230 [31] and binding to Bmh proteins [32] . Snf1 plays a role in such regulation, although the precise mechanism is not completely understood. Although regulation by nuclear export has not been described, it should not be excluded because overall analysis of protein localization in yeast (performed in glucose-rich media) indicates that a GFP-tagged version of Adr1 is localized in the cytoplasm [33] . We decided to explore which changes in Adr1 expression or localization were experienced in YPD or YPG media and after doxycycline addition in tetO 7 -YFH1cells. For this purpose, versions of Adr1 tagged by HA or GFP were prepared in wild-type and tetO 7 -YFH1 strains. In both strains we confirmed that the expression levels of Adr1-HA were lower in cells grown in 2% glucose than in the same strains grown in YPG or low glucose levels (Figs. 3A and 4A ). In the GFP-tagged strain, a marked fluorescent signal was clearly observed in the nucleus of YPG-grown cells, which was confirmed by DAPI staining (Fig. 4B) . In YPD-grown cells, the GFP signal was very low (Fig. 4C ). We also explored the behavior of Adr1 when cells were shifted from YPD to YPG and vice versa. To perform these experiments, exponentially growing cells were collected, washed in sterile water, and resuspended in the desired media. As shown in Fig. 3B -C, change from YPD to YPG triggered a progressive increase in Adr1 content, while a shift from YPG to YPD triggered a rapid decrease in Adr1 content. We next explored the effects of Yfh1 depletion on Adr1. We did not observe any significant change in Adr1-HA levels by western blot after doxycycline addition (Fig. 5A ). We also did not observe changes in ADR1 mRNA levels analyzed by qPCR ( Fig. 2B) , a result consistent with the transcriptomic analysis, which found no changes in ADR1 expression. Nevertheless, by fluorescence microscopy, we observed that Adr1-GFP moved from the nucleus to the cytosol around 10 h after doxycycline addition (Fig. 5B) . Such mislocalization of Adr1 may be the reason explaining the decreased expression of its target genes. To rule out the possibility that such a change in localization could be triggered by doxycycline treatment (and not to Yfh1 depletion), W303-Adr1-GFP cells were treated with doxycyline. As shown in Fig. 5C , in this control strain doxycycline did not promote mislocalization of Adr1-GFP.
Effect of oxidative stress on Adr1 localization
In the previous section we demonstrated that Yfh1 depletion triggers Adr1 inactivation by promoting a change in its subcellular localization without altering its expression or promoting its degradation. This regulation mechanism differs from that exerted by glucose, which promotes degradation of Adr1. We wanted to explore whether other stimuli such as iron starvation or oxidative stress could exert an effect similar to that of Yfh1 depletion. Previous work by our group and others had shown that Yfh1 depletion promoted activation of the iron regulon and oxidative stress [2, 34] . Indeed, in the conditional model used, both effects occurred early and could be detected before 10 h of doxycycline addition [5] . Thus, we explored the effect of the iron chelator BPS and the oxidant molecule H 2 O 2 on localization and content of Adr1 in the W303 Adr1-GFP/HA strains ( Fig. 6A and B) . BPS was added to the growth media at 100 μM, for 6, 9 and 12 h, conditions which induce the iron regulon as indicated by the measurements in FET3 expression ( Fig. 6C ). Under such conditions no changes were observed in Adr1-GFP localization (Fig. 6A) . Concerning oxidative stress, we first confirmed that frataxin depletion promoted an increase of the rate of oxidation of the superoxide specific probe DHE. This parameter was increased by 50% in tetO 7 -YFH1yeast cells after 14 h of doxycycline treatment (supplemental Fig. S1A ). We also observed an induction of the antioxidant enzyme SOD1 in frataxin-depleted cells by westernblot (supplemental Fig. S1B ), as previously reported [5] . We then explored the effect of H 2 O 2 , both at low (0.2 mM) and intermediate (1 mM) concentrations on ADR1 localization. Treatment with 1 mM H 2 O 2 promoted an effect similar to Yfh1 depletion, as Adr1 exited the nucleus without changes in its protein content ( Fig. 6A and B) . These results suggest that under oxidative stress Adr1 behaves as in Yfh1deficient cells. Treatment with 200 μM H 2 O 2 had no effect on Adr1-GFP localization.
We finally analyzed Adr1 localization after depletion of Grx5, another mitochondrial protein involved in iron metabolism. For that purpose, we used a tetO 7 -GRX5 Adr1-GFP strain, in which Grx5 was under the control of a tetO 7 promoter. Addition of doxycycline promoted a change in Adr1 localization, similar to that observed in tetO 7 -YFH1 cells (Fig. 6D) . This result suggests that depletion of other mitochondrial proteins involved in iron metabolism may promote Adr1 inactivation.
Cth2 promotes loss of iron-sulfur proteins in Yfh1-deficient cells
Cytosolic localization of Adr1 may explain the changes observed in the expression of several genes after 10h of frataxin depletion. However growth arrest occurs late (after 24-30 h) and is preceded by a decline in the content and activity of the iron-sulfur enzymes aconitase and succinate dehydrogenase 2 [5] . These two proteins, which are not regulated by Adr1, are targeted by the mRNA-binding protein Cth2, a protein with a central role in yeast metabolism remodeling under low iron conditions. Cth2 is induced by Aft1 after iron starvation and it binds to AU-rich elements located in the 3′UTR of mRNAs coding for several iron-related proteins promoting its degradation [16] . Thus, we decided to analyze Cth2 expression by q-PCR at different times after doxycycline addition. Cth2 experienced a marked induction after 24 h of frataxin depletion (Fig. 7A ). We previously reported that the amounts and activity of Aco1 initiated a marked decline after this time-point [5] . Therefore, in order to investigate the contribution of Cth2 to the loss of aconitase, we prepared a double tetO 7 -YFH1Δcth2 mutant and analyzed the content and activity of aconitase, as well as Sdh2 content, after 48 h of growth in the presence of doxycycline. Aconitase activity as well as the amounts of Aco1 and Sdh2 were maintained, compared to the single tetO 7 -YFH1 mutant, which presented a marked loss of both proteins and of aconitase activity ( Fig. 7B and C) . Similar results were observed with the heme-containing protein Cyc, another target of Cth2 (Fig. 7C) . These results indicate that Cth2 mediates a marked metabolic remodeling in Yfh1-deficient cells. Cth2 deletion did not attenuate the oxidative stress phenotype, as the double mutant also presented an increased oxidation rate of DHE when treated with doxycicline ( Fig. S1 A, B ).
Cth2 contributes to growth arrest in Yfh1-deficient cells
To further investigate the effect of Cth2 on growth arrest in frataxindeficient cells, we followed the effect of Yfh1 depletion on the growth rate of the tetO 7 -YFH1 and tetO 7 -YFH1Δcth2 strains. We performed these experiments in 24-well plates containing 1 ml YPG cultures. These plates, containing control cells and doxycycline treated cells, were incubated in a Biotek PowerWave XS Microplate Spectrophotometer. As described in materials and methods, cultures were kept at log phase by diluting in a new plate every 12 h. Optical density was measured every 30 min and generation times were calculated for each culture considering 2 h timelapses. As observed in Fig. 8A , a significant increase in generation time was observed after 30 h of treatment with doxycycline in tetO 7 -YFH1. In contrast, such increase was not observed in the double tetO 7 -YFH1Δcth2 mutant (Fig. 8B) suggesting that metabolic remodeling triggered by Cth2 was the main contributor to such growth arrest and that Adr1 inactivation may have minor effects under the culture media tested. Nevertheless, as the Adr1-dependent genes required for growth in ethanol were strongly repressed in the tetO 7 -YFH1 mutant upon doxycycline addition, we analyzed if a decrease in growth rate occurs in tetO 7 -YFH1Δcth2 cells grown in SC-ethanol media. Under these conditions, this mutant showed an increase in generation time 30 h after doxycycline addition. Overall, these experiments indicated that both Cth2 and Adr1 contribute to growth failure in Yfh1 deficient mutants (Fig. 8C ). A) tetO 7 -YFH1 ADR1-HA cells grown exponentially in YPG were treated with doxycycline. At the indicated times, Adr1-HA content was evaluated by western blot. B) tetO 7 -YFH1 ADR1-GFP cells grown exponentially in YPG were treated with doxycycline. At the indicated times, images were obtained by fluorescence microscopy. C) W303 ADR1-GFP cells grown exponentially in YPG were treated with doxycycline. After 15 h, images were obtained by fluorescence microscopy.
Cth2 is not involved in aconitase activity loss in Grx5-deficient cells
To further analyze the contribution of Cth2 to the loss of aconitase content and activity we decided to use a tetO 7 -GRX5 strain. Grx5 is a well-known component of the iron-sulfur cluster biogenesis system. Grx5 deficiency promotes loss of aconitase activity and iron accumulation [18] . Doxycycline addition for 14 h to YPG-grown tetO 7 -GRX5 cells promoted a clear decrease of GRX5, as indicated by western blot (Fig. 9A) . Interestingly, aconitase activity shows a progressive decrease (Fig. 9B) , which becomes evident immediately upon decrease of Grx5. These results are in clear contrast to the events observed in tetO 7 -YFH1 cells after frataxin depletion in which the aconitase activity is maintained even after 24 h after doxycycline treatment [5] . To analyze whether Cth2 is mediating the loss of aconitase activity in tetO 7 -GRX5 mutants, we measured aconitase activity in a tetO 7 -GRX5Δcth2 strain 14 h after doxycycline addition (Fig. 9C ). In this strain, aconitase activity was not maintained, in contrast to the results obtained in tetO 7 -YFH1Δcth2. This result indicates that Cth2 is not contributing to the decrease of aconitase activity in tetO 7 -GRX5 cells. Concerning aconitase amounts, a 55% decrease was observed in doxycycline-treated tetO 7 -GRX5 cells. In tetO 7 -GRX5Δcth2 strain this decrease was slightly minor (around 40%) ( Fig. 9 D and E). Nevertheless, these differences between both strains were not statistically significant.
Discussion
Respiratory failure and loss of iron-sulfur proteins are hallmarks of frataxin-deficient cells and have been usually considered direct consequences of the absence of frataxin. We describe here that neither event is caused by the lack of Yfh1 per se. Instead, both events may be caused by Adr1 and Cth2, two regulatory proteins that promote metabolic remodeling in Yfh1-deficient cells in response to the disturbances generated by the lack of this protein.
Our results indicate that Yfh1 depletion promotes the export of Adr1 from the nucleus to the cytosol by still unknown mechanisms. This regulation differs from that exerted by the presence of glucose, which affects Adr1 protein levels and chromatin binding [29] . Adr1 export may be part of a regulatory pathway leading to downregulation of proteins required for respiratory growth under stress conditions. Remarkably, oxidative stress (in the form of H 2 O 2 ) clearly promoted Adr1 mislocalization, while iron overload or starvation did not promote such changes. Adr1 export was also observed in the absence of Grx5, a mitochondrial protein related to iron metabolism and oxidative stress [18] . Adr1 mislocalization may allow a rapid and reversible way to arrest growth under adverse conditions, and also rapid restoring of functions once the stress conditions have been overcome. Thus, our hypothesis is that lack of Yfh1 would promote oxidative stress, which in turn would lead to Adr1 inactivation and decreased expression of genes required for respiratory growth. Oxidative stress is found in most models of FRDA, although the precise mechanism linking frataxin deficiency and oxidative stress are not clearly established. It has been suggested that misregulation of iron-sulfur biogenesis in the absence of frataxin would lead to oxidative stress [34] . Alternative roles suggested for frataxin, such as iron storage or detoxification [8] or electron transfer to flavoproteins [9] could also explain how the lack of frataxin would lead to oxidative stress.
The pathway leading to Adr1 export and the proteins involved in such a process are not known. Adr1 may suffer a posttranslational modification upon stress that could promote a change in cellular localization. Adr1 is known to be modified by phosphorylation in several residues. The most studied modifications are ser98 and ser230 [31] . Additional phosphorylation sites have been identified in highthroughput studies [35] , but the effect of such modifications on Adr1 are not known. Cysteine modification could be another posttranslational modification that could promote changes in Adr1 localization. H 2 O 2 is known to promote oxidation of transcription factors such as Yap1. However, there are two arguments against cysteine modification. First, nuclear export occurs at 1 mM, but not at a 200 μM H 2 O 2 concentration. Both in S. cerevisiae and Schizosaccharomyces pombe, oxidation of Yap1 or its ortholog Pap1 are triggered by low (200 μM) H 2 O 2 concentrations, while higher H 2 O 2 concentrations regulate the phosphorylation of proteins related to MAPK pathways such as Slt2 [36] or Sty1 [37] . Second, nuclear export is not observed 15 min after treatment, while Yap1 import can be observed 5 min after H 2 O 2 treatment [38] . Nevertheless, we should be cautious about this conclusion, as most experiments in the literature were performed in glucose-rich media and our experiments were performed in YPG media. Cells grown in this non-fermentable carbon source are more resistant to oxidative stress than YPD-grown cells [39] . Another point of interest would be the identification of the upstream regulators of Adr1. Snf1 has been described to modify Adr1 and participate in the inactivation of Adr1 by glucose, but its contribution in this stress response seems not very probable as genes down-regulated after Yfh1 depletion do not include some clear Snf1 targets such as FBP1 or PCK1.
The results shown in the present paper let us conclude that loss of iron-sulfur proteins in Yfh1-deficient cells is mediated by Cth2 and that Yfh1 is not essential for iron-sulfur biogenesis. This process is preserved in the tetO 7 -YFH1Δcth2 mutant, as judged by maintenance of aconitase and succinate dehydrogenase activities when Yfh1 was absent. In contrast, CTH2 deletion does not prevent aconitase activity loss in Grx5deficient cells. Decrease of aconitase amounts observed in Grx5deficient cells could be mostly attributable to destabilization of the apoform as in tetO 7 -GRX5Δcth2 cells normal aconitase amounts are not restored.
This paper also shows that Cth2 and Adr1 would be involved in growth arrest. In YPG media, the contribution of Cth2 seems to be preponderant since its deletion prevents growth arrest. Sustained growth in tetO 7 -YFH1Δcth2 cells (despite Adr1 inactivation) could be explained by the utilization of alternative carbon sources present in the rich media such as amino acids. Enzymes required for amino acid utilization are not targets of Adr1; also, remaining Gut1 levels (around 50%) may still allow some glycerol utilization. The role of Adr1 in growth arrest is highlighted when cells are grown in SC-ethanol, where no alternative carbon substrates can be used as energy supply.
Cth2 is under the control of Aft1 [15] and the maximal induction of Cth2 arrives at 24 h. This seems to disagree with Aft1 activation which occurs as an early event after frataxin depletion. As described recently [40] , a possible explanation could come from the fact that there exist auto-and cross-regulation between Cth1 and Cth2 to fine tune protein levels in response to iron deficiency. According to this regulation, when Fe is scarce Cth1 levels will rise at the beginning but if the situation persists over time, then Cth2 is the dominant regulator and responsible for the massive metabolic remodeling.
As Cth2 is under Aft1 control, the key point is to understand how the lack of frataxin activates the iron regulon in yeast and whether or not a regulatory [7] , non-essential role of frataxin in iron-sulfur biogenesis could trigger such an activation without compromising the activity of . Effect of Grx5 in aconitase amount and activity. A) Grx5 depletion after doxycycline treatment. B) Aconitase activity tested on tetO 7 -GRX5 strain after doxycycline addition (♦). Aconitase activity in a tetO 7 -YFH1 (•) after doxycycline addition was also included for comparison. (C) Comparison of aconitase activity on a tetO 7 -GRX5 and tetO 7 -GRX5 Δcth2 at the indicated time after doxycycline addition. (D) A representative image of aconitase amounts were measured in tetO 7 -GRX5 and tetO 7 -GRX5Δcth2 strains grown in YPG at indicated times after doxycycline addition. Grx5 depletion in both strains is also shown. Coomassie stained gels are used as loading controls. The histogram shown in (E) represents mean ± confidence intervals (p b 0.05) of aconitase amounts measured from western blots of four independent experiments.
iron-sulfur enzymes. Nevertheless, a similar situation may occur in other organisms, because most of them present pathways that lead to decreased expression of iron-sulfur proteins under iron-limiting conditions. Recently, it has been shown that loss of iron-sulfur proteins in frataxin deficient S. pombe is mediated by the repressor Php4 [41] , a protein with a Cth2-like function. In mammals, iron-regulatory proteins 1 and 2 bind to iron-responding elements present in the mRNAs coding for mitochondrial aconitase or succinate dehydrogenase and inhibit their translation upon iron starvation [42] . In mammals, downregulation of iron requiring genes is mediated by TTP, a Cth2 homolog which is induced by iron starvation [43] . Besides Adr1 and Cth2, it is worth mentioning the flavohemoprotein Yhb1, as induction of this protein was observed in both the proteomic and the transcriptomic analysis. This protein has nitric oxide reductase activity and participates in nitric oxide detoxification [44] . Interestingly, Yhb1 has been described to interact with Yfh1 [9] . Null Yhb1 mutants showed decreased resistance to the iron chelator ferrozine in a large scale survey [45] , suggesting a role for this protein in iron metabolism. These intriguing coincidences certainly deserve future research.
Conclusion
We have described that frataxin deficiency in yeasts affects two regulatory networks that promote metabolic remodeling which would be responsible for many phenotypes observed in frataxin-deficient yeast. Fig. 10 summarizes the main events described in this paper. Similar responses could occur in mammalian cells mediated by other signaling proteins. We conclude that many effects observed in frataxin deficient cells may be caused by metabolic remodeling, which in humans will contribute to Friedreich ataxia pathophysiology.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.bbamcr.2013.09.019. Fig. 10 . Metabolic remodeling upon Yfh1 depletion. (Activated or induced pathways are shown in blue, while repressed or inactivated pathways are shown in red). (A) Under basal conditions, Adr1 is located in the nucleus were promotes the expression of glucose-repressed genes required for glycerol, ethanol and acetate catabolism. Aft1 would be preferentially located in the cytosol and consequently levels of Cth2 and iron uptake systems are low. (B). Upon Yfh1 depletion, Aft1 is activated and iron acquisition is increased through Fet3-Ftr1. Cth2 is induced and would trigger degradation of mRNAs coding for iron-containing proteins (including iron-sulfur proteins). Adr1 will exit from the nucleus and consequently, glucose-repressed genes will not be expressed.
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